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INTRODUCTION
Ultrasound (US) can affect the functional and structural properties of biological tissues via a number of mechanisms, generally classified as thermal or non-thermal, which are dependent on factors such as frequency, pressure, power and exposure time [1, 2] . The effects of US can be exploited for therapeutic purposes. The thermal anti-cancer applications of US, such as high intensity focused ultrasound (HIFU) which induces coagulative necrosis at a precise focal point [3] , have been more extensively studied than the therapeutic uses of the non-thermal US effects. The effects of US on tissue include, other than the direct thermal effect: i) alteration of biobarrier permeability ii) drug delivery iii) sonodynamic activity [1] . The last effect has recently been the driving force behind a great deal of interest, as the peculiar phenomenon of cavitation is opening new perspectives for cancer treatment [4] . US-induced inertial cavitation generates gas bubbles that grow to near resonance size and expand to a maximum before collapsing violently with the conversion of the diffused energy into highly localized heat and pressure. Bulk temperature and pressure within the imploding cavities can reach values of up to 10,000 °K and 800 atm, respectively. These extreme conditions can induce a variety of physical events both within and around the bubble, including an increase in energy density that can generate light: a phenomenon known as sonoluminescence [5, 6] . Furthermore, US-induced inertial cavitation can transfer energy to surrounding molecules and alter their chemical properties, yielding sonosensitizers and finally cancer cell death. Therefore, the combination of US-induced inertial cavitation and sonosensitizing agent has been defined sonodynamic therapy (SDT) [7, 8] .
photon energy is converted to heat in order to induce cellular damage via hyperthermic effects [16] .
Their good uptake by mammalian cells, their low toxicity, their peculiar interaction with light (i.e. SPR) and the sonoluminescence hypothesis underlining STD, all make GNP ideal candidates for use as sonosensitizing agents in SDT and also provide the drive for a step forward for clinical applications in this field.
We have developed folic acid conjugated gold nanoparticles (FA-PEG-GNP) in order to further improve the site-specificity of the sonodynamic treatment of cancer. The enhanced specificity and intracellular access of these systems has led to the active targeting of colloidal therapeutic systems attracting considerable interest [12, 17, 18] . Folic acid (FA), a low molecular weight vitamin, is a typical cell-targeting agent in virtue of its binding affinity toward the folate receptor (FR) that is known to be over-expressed by a variety of human cancer cells. Moreover, the FR distribution appears to rise as cancer progress, whereas FR is only minimally distributed in normal cells [19, 20] .
This work aims to provide a proof-of-concept study for the use of targeted gold nanoparticles as site-selective sonosensitizers for ultrasound triggered cancer cell death since, to the best of our knowledge, such an attempt has not yet been reported.
MATERIALS AND METHODS

Materials
Dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), triethylamine, folic acid, 5,50-dithio-bis(2-nitrobenzoic acid) (DTNB), Tris(2-carboxyethyl)phosphine hydrochloride, sodium citrate dihydrate and tetrachloroauric(III) acid, fetal bovine serum, RPMI 1640, McCoy's 5A, FFDMEM, glutamine solution, penicillin-streptomycin solution, glucose solution and trypsin-EDTA solution were all purchased from Sigma (St. Louis MO, USA). The sephadex G25 superfine resin was obtained from Pharmacia Biotech AB (Uppsala, Sweden). mPEG 2kDa -SH and NH 2 -PEG 3.5kDa -SH were purchased from Iris Biotech GmbH (Marktredwitz, Germany). Spectra/Por
Float-a-lyzer G2 (MW cutoff = 0.5-1 kDa) was obtained from SpectrumLabs (Rancho Dominguez, CA).
Synthesis of folate-PEG 3.5 kDa -SH
Folic acid (50.0 mg, 0.113 mmol) was dissolved in 1 mL of anhydrous DMSO. NHS (15.6 mg, 0.136 mmol) followed by DCC (28.1 mg, 0.136 mmol) were added to the solution. The mixture was stirred overnight in the dark and then filtered to remove the insoluble dicyclohexylurea. Nhydroxysuccinimidyl-ester-activated folic acid was isolated by precipitation in cold diethyl ether.
The precipitate was washed several times with cold diethyl ether. The NHS ester activated folic acid was then dried under reduced pressure. NHS-folic acid (25 mg, 0.046 mmol) and NH 2 -PEG 3.5 kDa -SH (54.1 mg, 0.015 mmol) were dissolved in 1 mL of anhydrous DMSO, whit the addition of triethylamine (2.1 µL, 0.015 mmol). The reaction mixture was stirred for 12 h at room temperature in the dark and then added dropwise to diethyl ether (40 mL). The precipitate was recovered by centrifugation and dried under vacuo. The crude product was purified from the unreacted folic acid using size exclusion chromatography and a Sephadex G-25 resin eluted with an aqueous ammonia solution (pH 9). The column fractions were tested using UV-Vis spectroscopy at 363 nm and the iodine test [21] to assess folate and PEG, respectively. The fractions that were positive in both assays were collected and freeze-dried. The yellow powder was treated by reduction in order to regenerate free thiol groups. The material (20 mg, corresponding to 8.2 µmoles of FA-PEG 3.5kDa -SH) and TCEP (20.5 mg, 82 µmoles) were dissolved in 50 mM acetate buffer at pH 5 and left under stirring for 3 h. The mixture was then dialysed using a Spectra/Por Float-a-lyzer G2 (MW cutoff = 0.5-1 kDa) with a 1 mM HCl, 1 mM EDTA solution as the releasing medium. The dialysis was performed for 2 days and then the FA-PEG 3.5kDa -SH solution was then freeze-dried.
The lyophilized FA-PEG 3.5kDa -SH was dissolved in PBS pH 7.4 and analyzed using UV-Vis spectroscopy at 363 nm (molar extinction coefficient of folate at 363 nm in PBS, pH 7.4 is 6.197 M -1 cm -1 [22] ) and iodine test to assess the conjugation efficiency, and using the Ellman's assay [23] to determine the percentage of free thiol groups. FA-PEG 3.5 kDa -SH was characterized using MALDI mass spectroscopy on a 400 Plus MALDI TOF/TOF Analyzer (AB Sciex, Framingham, MA, USA).
Product purity was evaluated using reverse phase chromatographic analysis on a Jasco HPLC system (Tokio, Japan), equipped with two PU-2080 Plus pumps, a UV-2075 Plus detector (set at 363 nm), an analytic column Luna (C18, 5 µ, 300 Å, 250 x 4.6 mm) from Phenomenex (Torrance, CA, U.S.A.) and eluted in gradient mode with 10 mM ammonium acetate buffer, pH 6.5 (eluent A) and acetonitrile (eluent B). Eluent B was increased linearly from 10 to 40% over 40 min. 
Gold nanoparticle preparation
The preparation of dold nanoparticles was performed according to the Turkevich method [24] The particle pellet was washed three times with Milli-Q water and resuspended in 15 mL of Milli-Q water. The particle suspension was then added of 72 µL of 5 mg/mL mPEG 2kDa -SH aqueous solution in order to extensively decorate the particle surface with the thiolated methoxy-PEG-SH (mPEG 2 kDa -SH/GNP molar ratio= 4000:1). The mixture was left overnight under rotational stirring.
The resulting suspension of folate coated PEGylated gold nanoparticles (FA-PEG-GNP) was centrifuged at 14,000 rpm for 30 minutes at 4 °C. The FA-PEG-GNP pellet was isolated from the supernatant, which was subsequently analyzed using the Iodine test to assess the quantity of unbound PEG.
Control non-targeted particles (mPEG-GNP) were produced as described above using mPEG 3.5kDa -SH instead of FA-PEG 3.5kDa -SH.
Gold nanoparticle characterization
DLS analysis. The size of naked and functionalized GNP was measured at 25 °C using dynamic light scattering (DLS) on a Zetasizer NanoZS (Malvern Instruments Ltd, UK) equipped with a red laser (633 nm) at a fixed angle of 173°. "DTS applications 6.12" software was used to analyse the data. All sizes reported were based on number average.
TEM analysis.
Transmission electron microscopic (TEM) imaging was performed on a Tecnai G2 microscope (FEI Tecnai, Oregon, USA). Ten µL of naked particle suspension (1 nM) in milli-Q water was placed on a carbon coated copper grid and the water was allowed to dry at room temperature. The average particle size was calculated from the average of 100-300 individual particle diameters using "SIS Soft Imaging GmbH" image analysis software. The targeted particles (FA-PEG-GNP) and control PEGylated particles (mPEG-GNP) were negatively stained with 1% uranyl acetate dissolved in distilled water and analysed according to the same protocol.
Concentration assessment. The concentrations of gold nanoparticle suspensions were assessed according to the method reported by Liu et al. [25] . Equation (1) was applied to derive the particle molar extinction coefficient, which referred to absorbance at 506 nm (ε 506 ):
where D is the diameter of the nanoparticles (obtained from DLS analysis), k and a are two constants whose values are 3.32111 and 10.80505 respectively [26, 27] . ε 506 was then used to calculate the particle concentration according to the Lambert-Beer law. 
Cell culture
Cell uptake studies
MCF7, HCT-116 and KB cells were seeded in 12-well plates (500 µL per well, 1 x 10 6 cells/mL) and grown for 24 h. The medium was removed, cells washed twice with PBS and either 1 nM FA-PEG-GNP or control non-targeted mPEG-GNP suspensions in FFDMEM were added (1 mL/well).
After 2 h of incubation at 37 °C, the particle containing media were removed and the cells were 
Ultrasound treatment
Cells in the exponential growth phase were incubated for 2 h in FFDMEM medium containing either 1 nM of FA-PEG-GNP or the control, non-targeted mPEG-GNP suspension. Cells were then washed with PBS, trypsinized and normalized to 5.0 x 10 5 cells in 2.5 mL of PBS in polystyrene tubes for US exposure.
The US field was generated by a plane wave transducer (2.54 cm diameter) in continuous wave, i.e.
CW mode, at f 0 =1.866 MHz connected to a power amplifier (Type AR 100A250A; Amplifier
Research, Souderton, USA) and a function generator (Type 33250; Agilent, Santa Clara, USA). A mechanical adaptor was built to connect the 1 cm diameter polystyrene tube containing the cells suspended in PBS. When filled with ultrapure water, the adaptor creates highly reproducible measurement conditions at a fixed cell tube distance from the transducer (17 mm) [29] .
US exposure was performed for 5 minutes, under a dim light, at two different energy densities: US n , corresponding to 0.008 mJ/cm 2 energy supplied to the cells which did not cause the temperature of the medium to increase (maximum temperature recorded was 33°C) and US t , corresponding to 0.080 mJ/cm 2 energy supplied to the cells which increased the temperature of the medium (maximum temperature recorded was 43 °C).
Cell proliferation assay
The WST-1 cell proliferation assay (Roche Applied Science, Penzberg, Germany) was used to evaluate the effects of treatment on cell growth. After the various treatments, 2.5 x 10 3 MCF7, 1. 
Intracellular ROS production analyses
Intracellular ROS generation was measured using the 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA; Sigma) probe with a C6 flow cytometer. Briefly, HCT-116 and KB cells were incubated with a 1.0 nM FA-PEG-GNP suspension in FFDMEM medium for 2 h and 10 µM DCFH-DA for the last 30 min at 37 °C. Cells were then PBS washed, trypsinized and exposed to US as previously described. ROS production was measured at 1, 5, 15, 30 and 60 min after each treatment and a total of 10,000 events were recorded in the flow cytometric analysis. ROS production was expressed as integrated median fluorescence intensity (iMFI), which was calculated as the product of the frequency of ROS-producing cells and the median fluorescence intensity of the cells. The iMFI ratio was calculated in order to yield the ratiometric increase in fluorescence per time point.
The ROS generation in HCT-116 and KB cells treated with FA-PEG-GNP and US was also assessed in the presence of the ROS scavenger, NAC. Briefly, cells were incubated at 37 °C with a 1 nM FA-PEG-GNP suspension in FFDMEM medium for 2 h, then 5.0 mM NAC was added after 1 h of incubation and 10 µM DCFH-DA after 1.5 h of incubation. Cells were then PBS washed, trypsinated, treated with US and ROS production was assessed using flow cytometric analysis, as previously described.
Statistical analysis
Data are shown as the average values ± standard deviation of three independent experiments.
Statistical analyses were performed using Graph-Pad Prism 6.0 software (La Jolla, CA, USA); twoway analysis of variance and Bonferroni's test were used to calculate the threshold of significance.
Statistical significance was set at p < 0.05.
RESULTS
Synthesis and characterization of folate-PEG 3.5k Da -SH (FA-PEG-SH)
Folate-PEG 3.5kDa -SH (FA-PEG-SH) conjugate was synthesised according to the method reported in the literature [30] (Scheme I).
Scheme I. Synthesis of FA-PEG-SH: (I) activation of folic acid carboxyl group by NHS and DCC in anhydrous DMSO; (II) conjugation of NHS-ester activated folate to NH 2 -PEG 3.5kDa -SH in anhydrous DMSO in presence of TEA.
Conjugate was purified from unreacted NHS-folate by gel filtration and then treated with TCEP to reduce the oxidized diemeric species (FA-PEG-S-S-PEG-FA). The TCEP treatment yielded 96 % of -SH groups that were available for the conjugation to the gold nanoparticle surface.
Spectrophotometric analyses gave an NH 2 -PEG-SH to folic acid coniugation efficiency of 98%.
FA-PEG-SH showed MALDI-TOF mass spectrum ( Figure 1B ) with the typical bell shaped profile for PEG, which was centred at 4000 m/z and was in agreement with the expected molecular weight of the conjugate (Figure 1 ). This result confirmed that the product contained only the FA-PEG-SH monomer. In fact, no traces of either NH 2 -PEG-SH or the dimer (FA-PEG-S-S-PEG-FA) were detected.
The RP-HPLC analysis proved that the purification process yielded efficient removal of the unreacted folic acid, which was in the final product below 0.3 % mol.
Preparation and surface decoration of folate-targeted gold nanoparticles
The gold nanoparticles (GNP) were synthesised by reduction of HAuCl 4 with citrate according to
Turkevich's method [31] . Under the conditions selected, a red colloidal 3 nM GNP suspension was obtained. DLS and TEM analyses (Figure 2) showed that the production process yielded dimensionally homogenous particles. DLS analysis showed that the mean size of GNP was 14.6 ± 2.3 nm and the PDI was 0.20 ± 0.08.
To endow GNP with biorecognition capacity and stealth features, the thiol ending functional polymers, namely the targeting FA-PEG-SH and the mPEG-SH (methoxy-PEG 2 kDa -SH), were used for straightforward surface decoration [32] . Targeted GNP were obtained according to a two-step procedure. In the first step, GNP were decorated with FA-PEG-SH by incubation with a 50-fold FA-PEG-SH molar excess with respect to GNP. The particle surface was then saturated with mPEG-SH. Untargeted control particles (mPEG-GNP) were obtained by using only mPEG-SH for the coating.
Spectrophotometric analysis of particle coating efficiency showed that the decoration procedure yielded quantitative conjugation of FA-PEG-SH on the particle surface (98% conjugation efficiency), which corresponds to ~50 units of FA-PEG-SH per particle.
The saturation of the particle surface with 2 kDa mPEG-SH yielded a coating density of 0.92 PEG chains/nm 2 corresponding to about 650 PEG chains per particle. DLS analysis of FA-PEG-GNP ( Figure 3A) showed that upon PEG coating, the size of the particles increased from 14.6 ± 2.3 nm to 28.1 ± 5.2 nm. Notably, TEM imaging displayed a homogeneous coating corona surrounding the particles ( Figure 3B ) which was not present on the uncoated particles. UV-Vis spectroscopic analysis showed that the polymer coating resulted in a red shift of the maximum absorption from the replacement of the citrate corona with the polymers [33, 34] .
Cell uptake of folate-targeted gold nanoparticles
The cell targeting capacity of gold nanoparticles was investigated using three human cell lines that were selected for their different expression of folate receptor (FR): KB and HCT-116 cells overexpress FR, whereas MCF7 cells do not over-express FR [35] . A preliminary flow cytometric assay A quantitative FA-PEG-GNP and mPEG-GNP up-take by the three cell lines either in the presence or absence of free FA was obtained using atomic absorption spectrometry ( Figure 5 ).
Under the selected incubation conditions [36] , about 19800 and 2300 FA-PEG-GNP were found per KB cell and HCT-116 cell, respectively, which corresponded to the different FR expression of the two cell lines. On the contrary, non-targeted particles (mPEG-GNP) showed a 36 times lower association with KB cells and 22 times lower association with HCT-116 cells compared to the targeted ones. The MCF7 cell uptake of the targeted particles was very low (570 particles per cell).
The cell competition assay performed by cell co-incubition with FA-PEG-GNP and free folic acid showed significant folate targeted GNP internalization inhibition in both KB and HCT-116 cells.
TEM images of KB cells incubated with FA-PEG-GNP showed that the particles were endocytosised by the cells and confined into intracellular vesicles that originate from the plasma membrane ( Figure 6A and B) . Notably, particles do neither undergo aggregation throughout the endocytic process nor clustering. Control non-targeted particles incubated with KB cells were not massively taken up by the cells (Figure 6C and D) . However, in all cases, few particles were barely detectable in the cytosol in all the cell lines.
Effects of folate-targeted gold nanoparticles on cell proliferation upon US treatment
The efficacy and selectiveness of FA-PEG-GNP as sonosensitizers was investigated by evaluating their sonodynamic activity on MCF7, HCT-116 and KB cell lines ( Figure 7 ).
Cell exposure to US alone, (US n and US t ), did not affect the MCF7, HCT-116 and KB cell growth ( Figure 7A-C) . Similarly, no effect on cell growth was observed when cells were treated with both non-targeted (mPEG-GNP, data not shown) and targeted (FA-PEG-GNP) nanoparticles alone, without US exposure ( Figure 7A-C) . Combined FA-PEG-GNP/ US treatment, with both US n and US t , led to significant decrease in HCT-116 and KB cell growth ( Figure 7B-C) . This did not occur in MCF7 cells ( Figure 7A ). Significant differences in the cytotoxicity were found when the loFR cells (HCT-116) incubated with FA-PEG-GNP were exposed to the two different US energy densities (US n and US t ), with the US t being the more efficient. Combined FA-PEG-GNP/ US treatment induced significant decreases in cell growth of 30. Figure 7C ).
To further confirm the selective sonosensitizing activity of the FA-PEG-GNP under US exposure, a competition assay was performed by cell co-incubation with FA-PEG-GNP and free FA (200 µM)
followed by US exposure. Notably, the cytotoxic activity of the sonodynamic treatment was completely suppressed both in HCT-116 ( Figure 7D ) and KB cells ( Figure 7E ).
Cell death study
The cell death mechanisms of HCT-116 and KB cells treated with FA-PEG-GNP/ US were investigated by a flow cytometric assay. Since the percentages of apoptotic and necrotic cells at 2, 6
and 12 h do not show any significant differences, we herein report only the cell death analysis at 2 h after FA-PEG-GNP/ US treatment to highlight the quick onset of cancer cell death (Figure 8 ). Cell death of HCT-116 and KB cells sonodynamically treated was found to occur with a significant increase (p < 0.001) in the percentages of late apoptotic/necrotic cells ( Figure 8A, B) . Furthermore, the FA-PEG-GNP sonoactivation with US t induced a higher increase (p < 0.01) in the percentages of early apoptotic cells in KB ( Figure 8B ) as compared to HCT-116 cells ( Figure 8A ).
Intracellular ROS assessment upon folate-targeted gold nanoparticles incubation and US exposure
Since the mechanism underlying chemical sensitizer cytotoxicity upon US exposure is thought to be ROS generation [9] , it was decided to evaluate ROS production after each treatment type. Cell incubation with FA-PEG-GNP without US activation did not induce an intracellular increase in ROS production in either cell line HCT-116 or KB ( Figure 9 ). Cell exposure to US alone, in absence of FA-PEG-GNP, induced a very limited increase in ROS production at both US energy densities ( Figure 9 ). The sonodynamic treatment of cells incubated with FA-PEG-GNP at both energy densities induced a significant increase in ROS production ( Figure 9 ). The highest level of intracellular ROS was achieved 15 min after the exposure of HCT-116 cells to US n ( Figure 9A ) and 1 min after the exposure of KB cells to US t ( Figure 9B) . A less intense and delayed pattern of ROS generation was found in the loFR HCT-116 cells ( Figure 9A) , and a more intense and faster ROS generation pattern was shown by the hiFR KB cells ( Figure 9B ).
A ROS scavenging assay with N-acetylcysteine (NAC) was carried out to clarify the correlation between intracellular ROS production and the cancer cell death induced by FA-PEG-GNP/ US treatment. Interestingly, NAC suppressed ROS production and cyototoxicity only when FA-PEG-C). When these cells were treated with the higher US energy density, a remarkable decrease of cancer cell growth, as compared to untreated cells, was only observed after 72 h (43.73 ± 8.2%, Figure 10A ). This was accompanied by a slight but significant increase in ROS production 1 min after US exposure ( Figure 5B ). On the other hand, in KB cells NAC was not able to suppress either ROS generation or US-triggered FA-PEG-GNP cytotoxicity at either energy density ( Figure 10B) .
Notably, the amount of ROS generated by the FA-PEG-GNP/ US t treatment, which caused a moderate increase of the medium temperature, at 1 min ( Figure 10D ) was equivalent to levels detected in the absence of the ROS scavenging agent ( Figure 9B ).
DISCUSSION
Improvements in therapeutic activity and selectivity are the major goals in the development of any innovative anticancer treatment. Many approaches have been introduced to achieve these goals and most of them have been based on drug delivery [37, 38] . However, combined strategies have recently attracted increasing levels of interest [39] [40] [41] . Photodynamic therapy (PDT) has been approved for clinical therapy and is the most widely accepted procedure of the "bimodal" anticancer approaches currently available. PDT still suffers from major drawbacks that limit its application to topical therapy, i.e. actinic keratosis and basal cell carcinoma, despite the great interest and promising results [42] . SDT has therefore been proposed as an alternative to PDT as it has the potential to overcome its major limitations and also because it may well be able to open up novel frontiers in cancer treatment.
Despite SDT's promising advantages, the poor reproducibility of treatment outcomes and inadequate correlation between in vitro and the in vivo results have hampered the development of this robust treatment protocol, slowing its translation to clinical practice [43] . The development of innovative sonosensitizers is therefore paramount if we are to overcome these drawbacks and boost the effect of US and while taking advantage of the combined effects of possible sonoluminescence emitted by US exposure.
According to this hypothesis, US sensitive nanoparticles were designed in order to achieve accumulation in solid tumors by passive mechanisms and be internalzided into cancer cells by active mechanisms. Therefore, gold nanoparticles were sized to exploit the enhanced tumor permeability and retention (EPR) effect and surface decorated to achieve the active targeting of cancer cells and cell internalization. The combination of these features with focused US treatment can provide for enhanced spatially controlled sonosensitizing effects.
As a proof of concept, gold nanoparticles were decorated with folic acid (FA-PEG-GNP) to bestow selectivity for cancer cells that over-express the folate receptor. Folic acid was conjugated to the particle suface via a PEG spacer which guarantees the exposure and flexibility of the biological ligand. This directly results in efficient receptor mediated uptake by folate receptor expressing cancer cells. The selection of the targeting agent density was based on our previous studies showing that an average of 50 folate units per particle yielded suitable folate receptor biorecognition and high cell uptake efficiency of targeted gold nanoparticles [36] .
The surface saturation of the FA-PEG-SH decorated nanoparticles with mPEG-SH was pursued to endow the particles with stealth properties while ensuring exposure of the targeting agent at the tip of the 3.5 kDa FA-PEG-SH chains. mPEG was found to enhance the colloidal stability of the particles and inhibit GNP aggregation as observed by intracellular TEM imaging, whereas did not prevent the FR recognition. The targeted particles were in fact efficiently taken up by FR overexpressing cancer cells and limitately internalized by the control cell line (MCF7) which does not over-express the FR. Selective recognition and cell uptake was confirmed by competition study with free folic acid, in which particle uptake was inhibited in HCT-116 and KB cells. Furthermore, the extent of particle association to cells was affected by the cell expression level of the FR, being higher in hiFR KB cells and lower in loFR HCT-116 cells. To note that the non-targeted control gold nanoparticles (mPEG-GNP) were barely detected in the cytosol of all cell lines by intracellular TEM imaging, which is probably due to negligible mPEG-GNP diffusion across cell membranes in agreement with previous studies reported by Kanaras et al. [34] .
The selective cytotoxicity of the combined FA-PEG-GNP/ US treatment has been demonstrated by using cells with different degree of FR expression and by competitive studies.
Cytotoxicity studies showed that the sonoactivation of FA-PEG-GNP was ineffective in the case of cells that did not over-express the FR, namely MCF7. On the contrary, FA-PEG-GNP provide significant cancer cell sensitization to US which in turn yields selective and remarkable cytotoxicity in FR over-expressing HCT-116 and KB cells. This cytotoxic effect was suppressed when free folic acid was co-incubated with FA-PEG-GNP, demonstrating that the targeted nanoparticle cell uptake is paramount to the overall efficacy of the treatment. Thus, we can conclude that the synergistic effect between targeted gold nanoparticles and US-induced acoustic cavitation occurs upon particle endocitosys.
In the literature it is reported that the success of the folic acid-targeted therapeutic system normally relies on the level of FR over-expression for a given tumor; low FR over-expressing cancers were found to have limited response to folate-targeted therapies [17, 44] . response to the combined treatment with US n and US t is not so different, and this may be due to a higher HCT-116 cell sensitivity to US-induced ROS. These results suggest that the cytotoxicity induced by the sonoactiovation of FA-PEG-GNP therefore does not only depend on the degree of FR over-expression, but also on the intrinsic cell sensitivity to the treatment outcomes, namely ROS [45] .
The studies undertaken to elucidate the mechanism of cancer cell death induced by FA-PEG-GNP/ US treatment showed that incubation with FA-PEG-GNP and exposure to US n or US t provoked a sudden occurrence of necrotic rather than apoptotic cell death. When looking at the intracellular ROS production of the two cell lines that over-express FR and the two energy density exposures, different behaviours were observed. The higher intracellular ROS generation detected in hiFR KB cells may be ascribed to the higher amount of particle uptake compared to loFR HCT-116 cells ( Figure 5 ). In the case of KB cells, ROS production was not found to depend on US energy density.
On the contrary, the rate and level of intracellular ROS production in the loFR cell line was more rapid and higher in level at the highest energy density (US t ). These results suggest, as expected, that ROS production depends on both intracellular particle density and US intensity. In the case of high FA-PEG-GNP cell uptake obtained with KB cells, the effect of US energy density is negligeable, while in the case of low FA-PEG-GNP cell uptake observed in HCT-116 cells the US energy density is critical to the citotoxicty.
The ROS scavenger NAC was used in order to provide additional information about the involvement of ROS in cell death upon the sonodynamic activation of intracellular FA-PEG-GNP.
Interestingly, the effect of NAC was found to depend on both cell line and US energy density. NAC prevented HCT-116 cell death, supporting the hypothesis that the cytotoxicity was mainly ascribable to the ROS production. This hypothesis was further confirmed by the results obtained with KB cells, which endocytosed high amounts of FA-PEG-GNP. In this case, in fact the NAC effect could not be observed when the sonoactivation was performed with the higher US intensity because, under this condition, the ROS production was very high. On the contrary, when sonoactivation was perfomed with the lower US intensity, that produced a not so high level of ROS, NAC efficiently suppressed intracellular ROS generation and cytotoxicity.
One mechanistic explanation of the effects that are induced upon GNP US-exposure is that ROS production might also be a consequence of the gold nanoparticle SPR effect. Accordingly, USinduced cavitation can generate light that is absorbed by GNP and quickly converted to heat which induces ROS production and cancer cell death. This hypothesis appears to be in line with observations made by Sazgarnia et al. [46] . Indeed, these authors investigated sonoluminescence on a gel phantom containing gold nanoparticles loaded with propoprophyrin IX. They highlighted the occurrence of gas bubbles, transient cavitation upon US irradiation, the collapse of the bubbles, sonoluminescence and free radical generation. Moreover, Wang et al. [47] developed a gold nanoparticle coated mesoporous silica nanocapsule-based platform that, under the guidance of intensified US imaging, was able to enhance HIFU ablation efficacy on rabbit xenograft tumors.
Other metal nanoparticles, such as ZnONPs [48] and TiO 2 NPs [48, 49] , may also be suitable for use as sonosensitizers due to their inherent ability to absorb sonoluminescence irradiation. However, GNP show several beneficial properties, such as the ability to behave as localized thermal loaders
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[50], while they also possess a non-toxic and biocompatible metal core [13, 51] , making them an intriguing platform for the development of the next generation of nanosonosensitizers.
CONCLUSIONS
The ability of US to activate the targeted gold nanoparticles for cancer cell killing in FR overexpressing cell lines confirmed the hypotheses published by Wen et al. [52] that the combination of gold nanoparticles and US may be a promising strategy for future medical applications. To the best of our knowledge, our study demonstrates for the first time the role of targeted gold nanoparticles as sonosensitizers. Indeed, the results reported here concerning targeted gold nanoparticles for sonodynamic treatment showed a remarkable decrease in cancer cell growth at different US treatment conditions (US n and US t ).
In conclusion, targeting GNP have proven themselves to be effective sonosensitizers for the USbased treatment of cancer paving the way to novel approach in selective cancer treatments. and of FA-PEG-GNP alone in the presence of the ROS scavenging agent, NAC. The right panels (C, D) report the ROS production of FA-PEG-GNP irradiated with US (both US n and US t ), of US alone (both US n and US t ) and of FA-PEG-GNP alone in the presence of the ROS scavenging agent, NAC. Statistically significant difference versus untreated cells: *p < 0.05; **p < 0.01; ***p < 0.001.
SUMMARY POINTS
• Folate-PEG decorated gold nanoparticles (FA-PEG-GNP) have been designed to target folate receptor over-expressing human cancer cells.
• The gold nanoparticles were generated by reduction of chloroauric acid and coated with a folate-PEG-SH (FA-PEG-SH) at a density of 50 FA-PEG-SH units per particle and then surface saturated with methoxy-PEG-SH (mPEG-SH).
• In vitro experiments performed on folate receptor over-expressing (KB and HCT-116) and non over-expressing (MCF7) human cancer cells showed that the particle association to the cells correlated to the folate receptor expression.
• Competition cell up-take assays performed in the presence of folic acid confirmed that FA-PEG-GNP selectively targeted KB and HCT-116 cells.
• A selective killing of cancer cells with a peculiar signature (namely over-expression of a selected receptor) was achieved by cancer cell incubation with targeted gold nanoparticles and exposure to two different ultrasound energy densities.
• The combined approach of targeted gold nanoparticles and ultrasound exposure was able to determine a remarkable reactive oxygen species (ROS) generation and increase in necrotic cancer cells, compared to control conditions.
• When KB and HCT-116 cells were treated with FA-PEG-GNP at the lower US energy density, N-acetylcysteine, used as ROS scavenger, completely suppressed ROS production and cytototoxicity.
• This is the first work that demonstrates how cancer targeted GNP can act as ultrasound sensitizers by themselves paving the way to a promising strategy for the site-specific treatment of cancer.
